Introduction
============

Diabetes is considered a chronic metabolic disease worldwide, which is characterized by high blood glucose levels due to inadequate insulin secretion or/and activity ([@b1-mmr-22-04-3387]). Worldwide, diabetes presented in 3.82% of the general population in 2017 ([@b2-mmr-22-04-3387]). Diabetes is associated with different types of disease due to durable hyperglycemia, such as periodontal disease, microvascular disease, nephropathy, retinopathy, neuropathy and osteopathy ([@b3-mmr-22-04-3387],[@b4-mmr-22-04-3387]). Diabetic osteopathy is one of the most common types of disease associated with diabetes, which often results in skeletal fragility, osteoporosis and bone pain ([@b5-mmr-22-04-3387],[@b6-mmr-22-04-3387]). Diabetics are reported to have an osteopathy rate of 0.1-6.8% ([@b7-mmr-22-04-3387]--[@b9-mmr-22-04-3387]). Its poor prognosis decreases the quality of life of patients and negatively affects the social economy ([@b1-mmr-22-04-3387]). However, the development of effective novel therapeutic strategies for diabetic osteopathy remains limited as its pathogenic mechanism is not yet fully understood.

Metformin is a relatively cheap and efficient antihyperglycemic biguanide, which is extensively used as a first-line treatment for type 2 diabetes mellitus (T2dm) ([@b10-mmr-22-04-3387]). In addition to its predominant role in lowering high blood glucose levels, metformin also exerts an osteogenic effect by promoting the differentiation of preosteoblasts and mesenchymal stem cells (MSCs) ([@b11-mmr-22-04-3387],[@b12-mmr-22-04-3387]). Furthermore, metformin has been demonstrated to exhibit protective effects against injury induced by high glucose on osteoblastic cells, including proliferation ([@b13-mmr-22-04-3387]). Smith *et al* ([@b9-mmr-22-04-3387]) reported that metformin induces osteoblastic differentiation of human induced pluripotent stem cell-derived MSCs by activating LKB1/AMP-activated protein kinase signaling. Notably, metformin has also been demonstrated to affect osteoblasts against the effect of high glucose levels on proliferation, suggesting that metformin is directly involved in the regulation of both osteogenic cells and osteoblasts ([@b14-mmr-22-04-3387]).

Hyperglycemic damage is frequently caused by long-term exposure to high glucose levels ([@b15-mmr-22-04-3387]). During long-term exposure, high glucose levels induce generation and accumulation of reactive oxygen species (ROS), which is closely associated with the pathogenesis of diabetic osteopathy ([@b16-mmr-22-04-3387]). Zhen *et al* ([@b13-mmr-22-04-3387]) reported that ROS induced by high glucose levels regulate ROS-AKT (protein kinase B)-mTOR signaling that is downstream of ROS, and tightly regulate high glucose-associated proliferation and apoptosis. Metformin was also demonstrated to decrease ROS accumulation and promote osteogenesis, potentially by regulating the ROS-AKT-mTOR axis ([@b17-mmr-22-04-3387]). However, whether metformin is involved in regulating the ROS-AKT-mTOR axis in MSCs, under high glucose conditions still remains unclear.

The present study aimed to investigate the effect of metformin on the regulatory roles of proliferation and differentiation in MSCs, under high glucose conditions. To achieve this, Alizarin Red S staining was performed to detect osteogenesis of MSCs following metformin treatment, and hallmarkers of osteogenesis, including ALP, osteocalcin, OPN and run-related transcription factor 2, were detected. The results of the present study provided novel insight into the regulatory effects of metformin on MSCs, and provided a better understanding on the protective role metformin plays against high glucose-induced damage and a novel therapeutic strategy to avid from suffering from diabetic osteopathy.

Materials and methods
=====================

### Animal information and cell culture

A total of two female C57B mice (4-weeks old, 20--25 g in weight, bought from Chengdu Dashuo Experimental Animal Limited Company) were maintained under SPF conditions. The mice were housed at room temperature with 12 h light/dark cycles, 50--65% humidity, and access to standard chow and water. All animal experiments were approved by the Ethics Committee of The First Affiliated Hospital of China Medical University (approval no. 2019014).

After one week mice were euthanatized by 30 mg/kg sodium pentobarbital and cervical dislocation to collect the femur. The bone marrow was subsequently washed out using 5 ml ice cold DMEM-F12 (Thermo Fisher Scientific, Inc.) and centrifuged at 400 × g for 10 min at 4°C. Then, bone marrow was treated using SoniConvert^®^ sonicator (DocSense) to obtain single cells. The cells were resuspended in 5 ml ice cold DMEM-F12 and 3 ml ice cold Ficoll solution (Jixing Biotech Inc.), and centrifuged at 1,000 × g for 30 min at 4°C. The white-fog layer on the surface of the Ficoll was collected and equal volume of DMEM-F12 (\~500 µl) was added followed by centrifugation at 400 × g at 4°C for 20 min. The pellet was collected and incubated in DMEM-F12 supplemented with 10% FBS and 1% mix of penicillin-streptomycin (Thermo Scientific, Inc.) for the primary culture at 37°C for ≥4 weeks. DMEM-F12 supplemented with 10% FBS and 1% mix of penicillin-streptomycin was used as the growth medium for cell proliferation analysis, while differentiating medium (cat. no. MUXMT-90021; Cyagen Biosciences, Inc.) was used for cell differentiation analysis.

### CCK-8 assay cell viability was determined by the CCK-8 assay

Briefly, cells (5×10^4^) were cultured in 96-well plates. Then, 10 µl of freshly prepared CCK-8 solution was added to the cell culture for 2-h co-incubation. The absorbance was measured at 620 nm by using a microplate reader (Synergy 2 Multi-Mode Microplate Reader; BioTek Instruments, Inc.). The cell viability was expressed as the optical density (OD) 620.

### Alkaline phosphatase (ALP) assay

Bone marrow stromal cells (BMSCs) were seeded into 6-well plates at a density of 1×105 cells/well and maintained in growth medium and differentiating medium for 3, 5, 14 and 21 days, respectively. Cells were washed three times with ice-cold PBS, digested with 0.25% trypsin and suspended. Pelleted cells were resuspended in extraction lysis buffer containing 50 mM Tris-HCl 8.0, 150 mM NaCl, 0.5 mM EDTA, 0.25% Nonidet P(NP)-40 and incubated for 30 min at 4°C. The supernatant was collected and total protein concentration was measured using a bicinchoninic acid assay (Pierce; Thermo Fisher Scientific, Inc.). The results were analyzed at a wavelength of 520 nm using a Synergy 2 Multi-Mode microplate reader (BioTek Instruments, Inc.) and the ALP activity assay detection kit (cat. no. A509-1; Nanjing Jiancheng Bioengineering Institute). Osteogenic differentiation was determined by measuring the area stained for ALP, using MetaMorph Imaging software (version 7.7.8; Universal Imaging, Inc.). All experiments were performed in triplicate.

### Alizarin Red S (ARS) staining assay

BMSCs (1×10^5^) were cultured in growth medium for 14 and 21 days, respectively. Cells were subsequently washed three times with ice-cold PBS and fixed with 4% formaldehyde in PBS for 10 min at room temperature. Following a brief wash with PBS, cells were stained with ARS solution (0.5%, Sigma-Aldrich; Merck KGaA) supplemented with a final concentration of 40 mM ARS (pH 4.2) for 30 min at room temperature. Subsequently, cells were washed five times with PBS to inhibit non-specific staining and the stained cells were imaged under an X71 (U-RFL-T) fluorescence microscope (Olympus Corporation). All experiments were performed in triplicate.

### Reverse transcription-quantitative (RT-q)PCR

BMSCs cells (1×10^6^) were cultured in differentiating medium for 24 and 48 h, respectively. Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol and RNA concentration was measured using a UV spectrophotometer (Thermo Fisher Scientific, Inc.). cDNA was synthesized from 1 µg of total RNA using the Reverse Transcriptase kit (cat. no. QP056; Guangzhou RiboBio Co., Ltd.) at 37°C for 40 min and inactivated at 85°C for 10 min. qPCR was subsequently performed using the SYBR-Green Master Mix (Thermo Fisher Scientific, Inc.), in a ABI7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following primer sequences were used for qPCR: ALP forward, 5′-CCTTGAAAAATGCCCTGAAA-3′ and reverse, 5′-CTTGGAGAGAGCCACAAAGG-3′; osteocalcin (OCN) forward, 5′-GAGGGCAGTAAGGTGGTGAA-3′ and reverse, 5′-CCTAAACGGTGGTGCCATAG-3′; OPN forward, 5′-AGTGTGAGGAAGGGCGTTAC-3′ and reverse, 5′-AATGTGCTGCAGTTCGTGTG-3′; runt-related transcription factor 2 (RUNX2) forward, 5′-AAATGCCTCCGCTGTTATGAA-3′ and reverse, 5′-GCTCCGGCCCACAAATCT-3′; COX I forward, 5′-GGAGCAGTATTCGCCATCAT-3′ and reverse, 5′-CGACGAGGTATCCCTGCTAA-3′; COX 3 forward, 5′-GAACATACCAAGGCCACCAC-3′ and reverse, 5′-TAATTCCTGTTGGGGGTCAG-3′; ND1 forward, 5′-CTCCCTATTCGGAGCCCTAC-3′ and reverse, 5′-GGAGCTCGATTTGTTTCTGC-3′; Cyb forward, 5′-GTCGGCGAAGAAAAATGTGT-3′ and reverse, 5′-AAGCTGCTCACAGAGGGGTA-3′; and β-actin forward, 5′-CATGTACGTTGCTATCCAGGC-3′ and reverse, 5′-CTCCTTAATGTCACGCACGAT-3′. The following thermocycling conditions were used for qPCR: Initial denaturation 98°C 5min, 35 of cycles of denaturation at 98°C for 10 sec, annealing and elongation at 60°C for 1 min; and final extension at 60 °C for 10 min.

To detect mitochondrial DNA contents, total DNA was isolated using Genome DNA isolation kit (DocSense) with 20 ng of DNA being used as a template. The following thermocycling conditions were used for qPCR: Initial denaturation 98°C 5 min, 35 of cycles of denaturation at 98°C for 10 sec, annealing and elongation at 60°C for 1 min. The specific primers used were followed: 12S rDNA forward: 5′-ACCGCGGTCATACGATTAAC-3′; reverse: 5′-AGTACCGCCAAGTCCTTTGA-3′; 18S rDNA forward: 5′-TCAATCTCGGGTGGCTGAACG-3′; reverse: 5′-GGACCAGAGCGAAAGCATTTG-3′. All PCR data were quantified using the 2^−ΔΔCq^ method ([@b18-mmr-22-04-3387]).

### Western blotting

BMSCs were cultured in differentiating medium for 48 h. Cells (1×10^6^) suspended in 0.5 ml of Laemmle buffer (50 mM tris pH6.8, 1.25% SDS, 10% glycerol) were lysed using SoniConvert sonicator (DocSense) and denatured by heating at 100°C for 15 min. Then, protein concentration was determined using BCA kit (Sigma-Aldrich; Merck KGaA). Total protein (20 µg) was separated in each lane via 6--12% gradient SDS-PAGE electrophoresis, transferred onto nitrocellulose membranes (EMD Millipore) and subsequently blocked with PBS containing 5% skimmed milk (Beyotime Institute of Biotechnology) at room temperature for 30 min. The membranes were incubated with primary antibodies against: AKT (1:3,000; cat. no. ab9905), AKT phosphor T308 (1:2,000; cat. no. ab38449), mTOR (1:1,000; cat. no. ab2732), mTOR phosphor S2448 (1:1,000; cat. no. ab109268) and β-actin (1:5,000; cat. no. ab8226; all from Abcam) for 1 h at room temperature. Membranes were washed three times with PBS containing 0.1% Tween-20 (Beyotime Institute of Biotechnology) and subsequently incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibody (1:5,000; cat. no. ab7090; Abcam) for 1 h at room temperature. Proteins bands were visualized on X-ray film using enhanced chemiluminescence substrate (Thermo Fisher Scientific, Inc.) and quantified using ImageJ software (version-2.0; National Institutes of Health).

### Cell cycle analysis

BMSCs were cultured in growth medium for 48 h. Cells (1×10^6^) were suspended and fixed with ice-cold 75% ethyl alcohol (1 ml; Sigma-Aldrich; Merck KGaA), and stored overnight at 4°C. Cells were subsequently collected and washed twice with ice-cold PBS, prior to incubation with 100 µl RNase A and 400 µl propidium iodide (PI; both from Sigma-Aldrich; Merck KGaA) for 30 min at room temperature in the dark. Following an additional incubation for 30 min at 4°C, cell cycle distribution was assessed using a FACS LSRII flow cytometer (BD Biosciences). All experiments were performed in triplicate.

### ROS detection

BMSCs were cultured in differentiating medium for 48 h. To scavenge accumulated ROS, 10 µM of antioxidant NAC was added for 2-h incubation. The addition of the same volume of DMSO was considered as the control (mock) group. Cells (1×10^5^) were co-cultured with 10 µM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime Institute of Biotechnology) for 30 min at 37°C in the dark. Cells were washed three times with PBS and fluorescence was detected via fluorescence microscopy (magnification, ×100). Fluorescence was measured at wavelengths of 488 nm excitation and 525 nm emission using a two-laser Navios flow cytometer (Beckman Coulter, Inc.). All experiments were performed in triplicate.

### JC-1 staining

BMSCs were cultured in differentiating medium for 48 h. In order to measure mitochondrial membrane potential (MMP), cells (1×10^5^) were stained with JC-1 (cat. no. T3168; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Briefly, cells were washed twice with ice-cold PBS and stained with JC-1 work solution for 30 min at 37°C in the dark. Following incubation, the supernatant was discarded and cells were re-washed twice with PBS, prior to imaging via fluorescence microscopy (X71; Olympus Corporation; magnification, ×100). All experiments were performed in triplicate.

### ATP measurement

BMSCs were cultured in differentiating medium for 48 h. In order to assess ATP synthesis, cells (5×10^5^) were stained with reagents from the ATP Bioluminescent Assay kit (cat. no. FLAA-1KT; Sigma-Aldrich; Merck KGaA) at room temperature for 20 min, and subsequently maintained in solution containing 0.22 M sucrose, 0.12 M mannitol, 40 mM Tricine, pH 7.5 and 1 mM EDTA (all from Sigma-Aldrich; Merck KGaA) at room temperature for 10 min, and the supernatant was analyzed using an Optocomp I luminometer (MGM Instruments, Inc.). Grounded mitochondrial lysate was incubated in buffer containing 5 mM MgCl~2~, 10 mM KH~2~PO~4~, 0.2% Bovine serum albumin, 0.1 mM ADP and 54 µM APP at 4°C for 10 min. Glutamate and malate (both 10 mM) were used as the substrates. All experiments were performed in triplicate.

### Statistical analysis

All data were presented in mean ± standard deviation. Statistical analysis was performed using GraphPad Prism software (GraphPad Software, Inc.; version 5.01). Unpaired Student\'s t-test was used to determine differences between two independent groups, while one- or two-way analysis of variance (ANOVA) was used compare differences between multiple groups. Bonferroni\'s post hoc test was performed for all pairwise comparisons following ANOVA. All experiments were performed in triplicate. P\<0.05 (2-tailed) was considered to indicate a statistically significant difference.

Results
=======

### High glucose inhibits osteogenic differentiation of BMSCs in differentiating medium

In order to assess the effect of high, medium and regular glucose conditions on the osteogenesis of BMSCs in growth medium and differentiating medium, respectively, ALP staining was performed following cell culture for 3 and 5 days. Under differentiating conditions, ALP staining significantly decreased under high and medium glucose conditions at both 3 and 5 days ([Fig. 1A](#f1-mmr-22-04-3387){ref-type="fig"}). Similarly, under differentiating medium for 14 and 21 days, ARS staining significantly decreased under both high and medium glucose conditions ([Fig. 1B](#f1-mmr-22-04-3387){ref-type="fig"}). In order to confirm osteogenesis, markers of osteogenesis, including ALP, OCN, osteoprotegerin (OPG) and RUNX2 were detected via RT-qPCR analysis following cell culture in differentiating medium for 24 and 48 h, which were notably induced at the early stage of differentiation, but not the later stage of differentiation. As expected, high and medium glucose conditions significantly decreased the mRNA levels of these genes ([Fig. 1C](#f1-mmr-22-04-3387){ref-type="fig"}). Based on the dose-dependent effect of glucose, the high glucose condition was selected for further experimentation.

### Metformin regulates cell proliferation and differentiation under specific culture conditions

The present study set out to determine whether metformin exerts different roles under different culturing conditions. Cell viability was assessed in BMSCs cultured in growth medium supplemented with regular or high glucose at days 1--5. Although no significant differences were observed between days 1--5, high glucose condition significantly decreased cell viability at day 5 compared with the regular glucose group, which was reversed following addition of metformin ([Fig. 2A](#f2-mmr-22-04-3387){ref-type="fig"}).

Cell cycle distribution was subsequently assessed in cells treated at days 3 and 5 via flow cytometric analysis. The results demonstrated that addition of metformin significantly decreased the proportion of cells in the G~1~/G~0~ phase at both days 3 and 5 compared with the high glucose group, suggesting the promoting effect of metformin on cell proliferation ([Fig. 2B](#f2-mmr-22-04-3387){ref-type="fig"}).

The effect of metformin on osteogenesis of BMSCs cultured in differentiating medium, under regular or high glucose conditions was assessed. Consistent with previous findings ([@b13-mmr-22-04-3387]), the results of the present study demonstrated that high glucose condition inhibited osteogenesis of BMSCs cultured in differentiating medium for 14 days, the effect of which was significantly reversed following the addition of metformin ([Fig. 3A and B](#f3-mmr-22-04-3387){ref-type="fig"}). Addition of metformin significantly increased the mRNA levels of hallmarkers of osteogenesis, including ALP, OCN, OPG and RUNX2 ([Fig. 3C](#f3-mmr-22-04-3387){ref-type="fig"}). Taken together, these results suggest that metformin is remarkably involved in regulating both proliferation and osteogenesis of BMSCs, which are inhibited under high glucose condition.

### Metformin promotes mitochondrial maintenance and function inhibited by high glucose condition

The effects of metformin on high glucose condition in differentiating medium was subsequently assessed. Following incubation in differentiating medium for 48 h at 37°C, cells were stained with JC-1, and aggregates and monomers were observed. The results demonstrated that high glucose condition significantly decreased aggregates and increased monomers, both of which were reversed following addition of metformin ([Fig. 4A](#f4-mmr-22-04-3387){ref-type="fig"}). Notably, metformin failed to affect JC-1 staining under regular glucose condition, indicating its specific role on exerting protective effects against high glucose conditions. The present study also investigated whether metformin reversed glucose-induced mitochondrial dysfunction by detecting ATP synthesis ([Fig. 4B](#f4-mmr-22-04-3387){ref-type="fig"}), mitochondrial DNA mass ([Fig. 4C](#f4-mmr-22-04-3387){ref-type="fig"}) and mitochondrial transcriptional activity ([Fig. 4D](#f4-mmr-22-04-3387){ref-type="fig"}). As expected, incubation with high glucose for 48 h at 37°C significantly decreased mitochondrial function, whereas co-culture with metformin significantly reversed these effects.

### Metformin scavenges ROS induced by high glucose and thus potentially regulates the ROS-AKT-mTOR axis

In order to assess how high glucose affects ROS accumulation in BMSCs cultured in differentiating medium, ROS staining was performed using the DCFH-DA probe kit. The results demonstrated that fluorescence intensity of BMSCs cultured in high glucose condition increased compared to the mock group ([Fig. 5A](#f5-mmr-22-04-3387){ref-type="fig"}). However, fluorescence intensity significantly decreased following treatment with metformin or antioxidant NAC ([Fig. 5A](#f5-mmr-22-04-3387){ref-type="fig"}). Considering that the ROS-AKT-mTOR axis plays a critical role in physiological processes of several normal tissues, excluding osteogenesis ([@b19-mmr-22-04-3387]), the protein levels of AKT and mTOR, and their phosphorylated forms were detected. Western blot analysis demonstrated that the protein levels of p-AKT (Thr308) and p-mTOR (Ser2448) significantly decreased under high glucose condition, the effects of which were significantly reversed following co-culture with metformin or NAC ([Fig. 5B-D](#f5-mmr-22-04-3387){ref-type="fig"}). Collectively, these results suggest that metformin may protect BMSCs from high glucose-induced ROS accumulation, and thus stimulate the ROS-AKT-mTOR axis.

Discussion
==========

It is well known that diabetes mellitus remarkably increases the risk of osteopathy, such as osteoporosis and fragility fractures, via long-term exposure to high glucose conditions ([@b1-mmr-22-04-3387],[@b20-mmr-22-04-3387]). Metformin, as the most commonly used antidiabetic drug, has been reported to exert protective effects against bone loss, and thus decreases the risk of diabetic osteopathy ([@b21-mmr-22-04-3387]). Osteogenic cell proliferation and differentiation are key elements affecting bone health ([@b22-mmr-22-04-3387]), and diabetic-associated hyperglycemia negatively affects both proliferation and differentiation of these cells ([@b22-mmr-22-04-3387]). Bone marrow mesenchymal stem cells are responsible for inducing bone damage repair and secreting a large amount of extracellular matrix components to promote fracture healing ([@b23-mmr-22-04-3387]). They are also extensively used for bone engineering and artificial bone repairment ([@b24-mmr-22-04-3387]). Thus, the present study mimicked hyperglycemia by using high glucose conditions to culture BMSCs, and assessed its effects on proliferation and osteogenic differentiation. Specifically, the effects of high glucose levels and metformin on osteogenesis of BMSCs were investigated. Prospective studies will also focus on the role of osteoblasts.

The effects of high glucose exposure on BMSCs osteogenesis under differentiating medium were investigated. The results of the present study were consistent with previous finding, demonstrating that high glucose levels affect osteoblast differentiation ([@b25-mmr-22-04-3387]). The results of the present study demonstrated that high glucose levels inhibited cell proliferation and differentiation, respectively. Notably, addition of metformin significantly reversed the inhibitory effects induced by high glucose levels on cell proliferation and differentiation. ALP is a plasma membrane-bound glycoprotein, which is extensively expressed in the placenta, intestine, liver, kidneys and bone ([@b26-mmr-22-04-3387]). In the present study, it was used as a marker to assess osteoblast activity. Furthermore, osteogenic-related genes, including OCN, OPG and RUNX2 were also used as osteogenic markers. A previous study reported that metformin promotes osteoblast proliferation and differentiation ([@b14-mmr-22-04-3387]), suggesting that metformin may exert similar effects on high glucose stress in different kinds of cells. Notably, high glucose exposure slightly increased cell viability from day 1 to day 3, and subsequently decreased cell viability after day 4. This may because the high glucose levels increased metabolism and increased enzymatic activity in BMSCs. To investigate the promoting effect of high glucose on proliferation, cell cycle distribution was assessed from day 3, instead of an earlier time point. Notably, no obvious osteogenesis was observed in the growth medium after 14 and 21-day culture, this may due to the low processing rate in growth medium. This indicated the main difference between growth medium and differentiating medium on osteogenesis. A major limitation of the present study is the lack of detection of the absorption of glucose into the cytoplasm following addition of metformin; however, it is speculated that metformin may not affect glucose absorption.

Long-term exposure to high glucose levels leads to metabolic disturbance, causes oxidative stress and induces ROS accumulation ([@b16-mmr-22-04-3387]). A previous study reported that glucose oxidative stress induced by high glucose levels interferes with osteoblast differentiation and mineralization ([@b27-mmr-22-04-3387]). One of the main causes of cell damage is accumulated ROS induced by high glucose levels ([@b27-mmr-22-04-3387]). Mitochondrial biogenesis enhances cellular function, survival and recovery from oxidative-induced cell damage ([@b28-mmr-22-04-3387]). Targeting glucose-induced ROS and protecting mitochondrial DNA from oxidative stress is considered a promising therapeutic strategy for high glucose-induced inhibition of cell proliferation and osteoblastic differentiation ([@b27-mmr-22-04-3387]). Takanche *et al* reported that gomisin A, a lignan isolated from the hexane of *Schisandra chinensis* fruit extract, protects osteoblast from high glucose-induced oxidative stress and promotes mitochondrial function ([@b27-mmr-22-04-3387]). The results of the present study confirmed that high glucose levels induced ROS accumulation, decreased MMP and caused mitochondrial dysfunction. A reduction in mitochondrial mass or decrease in mitochondrial membrane potential may be two main results of mitochondrial dysfunction. Thus, prospective studies will focus on investigating mitochondrial mass and MMP. Another major limitation of the present study is the lack of confirmation as to how metformin decreases ROS levels, by inhibiting ROS genesis or by scavenging ROS accumulation.

Addition of metformin scavenged ROS induced by high glucose levels, reversed the lack of ATP synthesis and mitochondrial transcriptional activity by high glucose-induced oxidative stress. The ROS-AKT-mTOR axis has been demonstrated to be stimulated under high glucose levels, and affects physiological process, such as proliferation and osteogenesis in osteoblasts ([@b16-mmr-22-04-3387]). The results of the present study demonstrated that metformin decreased ROS levels and activated AKT-mTOR signaling. However, whether metformin regulates the ROS-AKT-mTOR axis directly or indirectly remains unclear. Furthermore, the effect of metformin on osteogenesis without high glucose stimulation remains unknown, and thus is worth investigating in future studies.

The present study is not without limitations. The exact regulatory mechanism of metformin on the ROS-AKT-mTOR axis, and the effect of metformin on bone formation *in vivo* were not investigated. Thus, prospective studies will focus on investigating the effects of high glucose levels on proliferation and osteogenic differentiation. Taken together, the results of the present study suggest that metformin exerts a protective role on BMSCs from relatively-high glucose-induced oxidative stress.
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![Effects of high, medium and regular glucose conditions on osteogenic differentiation of BMSCs. (A) ALP and (B) Alizarin Red S staining assays were performed following incubation for 3 and 5 days (magnification, ×40; scale bar=50 µm). (C) mRNA expression levels of ALP, OCN, OPG and RUNX2, of BMSCs cultured in differentiating medium were detected via reverse transcription-quantitative PCR analysis. \*P\<0.05 vs. regular group at 3 days; ^\#^P\<0.05 vs. regular group at 5 days. BMSCs, bone marrow stromal cells; ALP, alkaline phosphatase; OCN, osteocalcin; OPG, osteoprotegerin; RUNX2, runt-related transcription factor 2; IOD, integrated optical density.](MMR-22-04-3387-g00){#f1-mmr-22-04-3387}

![Metformin reverses the inhibitory effect induced by high glucose condition on cell proliferation. (A) Cell viability was assessed via the Cell Counting Kit-8 assay following incubation under regular or high glucose conditions for 1--5 days, respectively. (B) Cell cycle phases were measured via propidium iodide staining, followed by flow cytometric analysis. \*P\<0.05 vs. regular glucose group; ^\#^P\<0.05 vs. high glucose group. OD, optical density; PE-A, phycoerythrin label.](MMR-22-04-3387-g01){#f2-mmr-22-04-3387}

![Metformin promotes osteogenic differentiation of BMSCs under high glucose/differentiating condition. (A) ALP and (B) Alizarin Red S staining assays were performed following incubation in differentiating medium under high glucose condition for 14 days, with or without metformin (magnification, ×40; scale bar=50 µm). (C) mRNA expression levels of ALP, OCN, OPG and RUNX2, of BMSCs cultured in differentiating medium under regular and high glucose conditions were detected via reverse transcription-quantitative PCR analysis. \*P\<0.05 vs. regular glucose group; ^\#^P\<0.05 vs. high glucose group. BMSCs, bone marrow stromal cells; ALP, alkaline phosphatase; OCN, osteocalcin; OPG, osteoprotegerin; RUNX2, runt-related transcription factor 2; IOD, integrated optical density.](MMR-22-04-3387-g02){#f3-mmr-22-04-3387}

![Metformin reverses mitochondrial dysfunction induced by high glucose condition in differentiating medium. (A) JC-1 staining was performed to detect mitochondrial membrane potential (magnification, ×40; scale bar=50 µm). (B) ATP synthesis was analyzed. (C) Mitochondrial DNA mass was measured via reverse transcription- quantitative PCR. (D) Mitochondrial transcriptional activity was measured by detecting mitochondrial genome-coded genes. \*P\<0.05 vs. high glucose group.](MMR-22-04-3387-g03){#f4-mmr-22-04-3387}

![Metformin scavenges ROS accumulation induced by high glucose condition. (A) ROS accumulation was quantitatively measured following incubation for 48 h at 37°C. (B) Western blot analysis was performed to detect the protein levels of mTOR, p-mTOR (Ser2448), AKT and p-AKT (Thr308). Β-actin was used as the internal control. The ratios of (C) p-AKT/AKT and (D) p-mTOR/mTOR were measured using ImageJ software. \*P\<0.05 vs. regular glucose group; ^\#^P\<0.05 vs. high glucose group. ROS, reactive oxygen species; NAC, n-Acetyl Cysteine; mTOR, mammalian target of rapamycin; AKT, serine/threonine kinase 1.](MMR-22-04-3387-g04){#f5-mmr-22-04-3387}
